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Estuarine plume frontal zones typically form a vertical two-layer structure with low-salinity 
and a high-temperature plume during the summertime. However, two field surveys in 
the Changjiang River Estuary and its adjacent shelf waters identified a significant surface 
cold-water zone (CWZ) formation in the summers of 2014 and 2015. The sea surface 
temperature of the CWZ was 4°C lower than the multi-year summer average. Satellite 
images showed that the CWZ mainly appeared in the Yangtze Shoal during the periods 
of July 1–17, 2014, and July 3–19, 2015. A three-dimensional physical-biogeochemical 
coupled model was used to explore the formation mechanism of the CWZ. Our 
investigation revealed that an uncharacteristic northerly wind during the southerly 
monsoon resulted in a significant onshore retreat of the plume front. Vertical tidal mixing 
is stronger than the decreased stratification in the former plume-covered region, which 
resulted in the formation of the CWZ. This process was accompanied by relatively lower 
net heat flux, which also promoted CWZ formation. The formation of CWZ had a strong 
ecological impact; enhanced vertical mixing transported nutrients from the lower layer 
to the surface column, relaxing the CWZ’s phosphate limitation. CWZ formation also 
increased the depth of the mixed layer and turbidity level in the water column, forming a 
temporary light limitation in the center. At the margin of the CWZ, it formed a patch with 
a high concentration of chlorophyll a. The underwater light was sufficient once the plume 
was restored and the CWZ was stratified again, and the phytoplankton grew rapidly in the 
center of the CWZ.

Keywords: cold-water zone, estuarine plume, tidal mixing, physical-biogeochemical coupling model, light-
limitation, nutrient, phytoplankton

1 INTRODUCTION

In the larger rivers of the world, such as the Changjiang, Mississippi, and Amazon Rivers, low-
salinity water usually floats on the upper layer in the form of low-salinity plumes during the wet 
summer season, and their expansion ranges can reach tens or hundreds of kilometers (Smith and 
Demaster, 1996; Lohrenz et al., 1999; Ge et al., 2013). In addition, due to the surface warming effect 
caused by strong shortwave radiation during the summer, stratified water in the upper water layer 
usually has a high sea surface temperature (SST) relative to that in well-mixed regions (Simpson 
and Hunter, 1974). The higher SST also increases the intensity of stratification. Therefore, it is 
generally believed that, influenced by the freshwater discharge extension and solar radiation during 
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the summer, estuarine offshore regions are usually stratified due 
to lower salinity and higher SST, particularly in estuaries with 
abundant runoff (Simpson et al., 1991; Zhu et al., 2016).

The stratification of water due to differences in vertical 
salinity and temperature has an important influence on the 
vertical exchange of matter and energy, as well as ecological and 
biogeochemical processes (Simpson et al., 1981; Chen et al., 1999; 
Wei et  al., 2016; Zhabin et  al., 2019). Stratification can inhibit 
the resuspension of sediment, thus reducing the attenuation of 
the underwater light penetration, and promoting the growth of 
phytoplankton (Geyer, 1993; Cloern et al., 2017; Ge et al., 2020a). 
Stratification also restricts the transport of the water with a 
high concentration of nutrients from the bottom to the surface 
(Prasanna Kumar et al., 2002; Zhu et al., 2016), usually resulting 
in a significant depletion of one or two nutrients in the upper 
column due to phytoplankton growth (Gao et al., 2015; Ge et al., 
2020a). Consequently, the significant nutrient limitation can 
occur, which is an important factor in restraining phytoplankton 
bloom during the summer season in the shelf water zone (Tseng 
et al., 2014; Li et al., 2021).

Although the low-salinity plume is the dominant physical 
and ecological feature in estuaries, the occurrence of cold-water 
zones (CWZs) in coastal and inner shelf regions is possible 
(Simpson and Hunter, 1974; Lü et al., 2010; Guo et al., 2014; Ren 
et al., 2014). The tidal mixing front (TMF) and upwelling are the 
two most common mechanisms of the summer surface CWZ in 
estuaries and shelf water zones (Sousa et al., 2008; Lü et al., 2010; 
Sapozhnikov et al., 2011; Ren et al., 2014). The TMF separates shelf 
water into well-mixed and stratified water (Simpson and Hunter, 
1974; Bowers and Lwiza, 1994). The different conditions of water 
on both sides of the TMF can produce spatial discontinuity of 
SST (Simpson and Hunter, 1974; Huang et al., 2018). Low SST 
generally occurs at the proper depth of the mixed region around 
the TMF (Lü et al., 2010). During summer, tidal mixing induced 
by the friction between the tidal current and seabed is the most 
important driving force to break or decrease stratification and 
enhance vertical mixing (Simpson et al., 1991; Scully and Geyer, 
2012). In shelf regions, where the diluted water does not have a 
strong effect, the location of the thermal TMF is relatively stable 
(Simpson and Hunter, 1974; Simpson et al., 1978).

For estuaries and adjacent shelf waters affected by large 
rivers, the interaction between the plume-induced stratification 
and tidal mixing is more complicated (Simpson et  al., 1991). 
The low-salinity plume has the lateral boundary as the plume 
front (Li et al., 2021). However, the thermal heat flux from solar 
radiation is relatively spatially uniform, even when clouds are 
present (Simpson et  al., 1991). Additionally, the plumes have 
considerable spatial and temporal variations due to fluctuations 
in river discharge and atmospheric wind fields (Chang and Isobe 
2003; Liu and Feng 2012). These spatio-temporal variations of 
plumes might lead to a rapid change from vertical mixing to 
stratification, subsequently impacting environmental factors, 
such as salinity, temperature, and nutrients.

During the flood seasons of large rivers, stratified plumes 
usually have great spatial coverage with relatively higher SST (de 
Boer et al., 2009; Zhang et al., 2020). With abundant freshwater 

discharge and strong surface warming effects, the occurrences of 
surface CWZs are quite low around the plume-covered regions 
during summertime as long as there is no strong upwelling 
system. In this study, we identified extraordinary surface 
CWZs from field survey data and examined the formations and 
breakdown processes of strong CWZs off the Changjiang Estuary 
under large runoff during the summertime. The effect of this type 
of CWZ on the phytoplankton was also investigated.

2 MATERIALS AND METHODS

2.1 Study Area
The study region included the Changjiang River Estuary (CRE) 
and its adjacent shelf waters (121°E–124.5°E, 28.5°N–33°N, 
shown as a red box in Figure  1A). The Changjiang River is 
Asia’s largest river, depositing ample nutrient-rich and turbid 
freshwater into the CRE and its adjacent shelf water during 
the summer (June–August), with an average runoff rate of 
approximately 45,000 m3·s−1 between 1951 and 2018 (river 
discharge was measured at Datong station: www.cjh.com.cn). 
Affected by the southerly summer monsoon, the Changjiang 
plume mainly extends northeastward (Beardsley et  al., 1985) 
and covers the Yangtze Shoal (YS) (in Figure 1A, the isohaline 
is redrawn from the Marine Atlas of Bohai Sea, Yellow Sea, East 
China Sea). As the outer boundary of the plume, the plume front 
can describe the region that is most influenced by the low-salinity 
plume (Chen et al., 1999; Li et al., 2021). There are usually strong 
pycnoclines on the landside of the plume front, which are caused 
by the surface low-salinity plume and bottom saline water (Chen 
et al., 1999; Ge et al., 2020a). The plume front in the CRE and 
its adjacent waters is characterized by a relatively high salinity 
gradient (> 0.1 km−1) with a sea surface salinity (SSS) range from 
25 to 31 (Hu et al., 1995; Chen et al., 1999; Li et al., 2021). The 
water depth of the CRE and its coastal area is shallow (< 20 m) and 
increases dramatically to ~50 m at approximately 122°E–122.5°E 
(Figure 1B). The YS (122.5°E–124.5°E, 31.5°N–33°N) is located 
in the northeastern region off the CRE, which is relatively shallow, 
with a water depth of 30–50 m. The submerged river valley (SRV) 
and East China Sea Shelf are located in the southeastern area off 
the CRE, where the water depth is greater (50–80 m).

Previous studies have reported that summer surface CWZs 
or relatively lower SSTs mainly occur in coastal areas (Zhu, 
2003; Lü et  al., 2010; Ren et  al., 2014). For example, the 
upwelling region around the Zhoushan Island (122.2°E-123°E, 
29°N-31°N) could have an SST that is 3°C lower than the 
temperature of the surrounding water (Lü et  al., 2006); in 
addition, a banded surface CWZ related to the TMF was found 
in the Jiangsu coastal region (121.5°E–122.5°E, 32°N–34°N) 
(Lü et  al., 2006; Ren et  al., 2014). The shelf water region 
between 123°E–124.5°E (including YS, SRV, and the East China 
Sea Shelf) usually has strong stratification due to low-salinity 
and high-SST coverage during the summer, and no CWZ was 
observed in previous studies (Lü et al., 2010; Guo et al., 2014; 
Ren et  al., 2014). Thus, the CRE and its adjacent shelf water 
were suitable for studying the possible formation mechanism 
of summer surface CWZs in the shelf water zone.
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2.2 Observations
Six survey cruises were conducted during summers (July) for the 
period 2013–2018 in the CRE and its adjacent shelf (Figure 1B). 
The surveys mostly followed the same 99 sites. These sites were 
distributed from the CRE to the inner shelf. Salinity, temperature, 
and density were measured using a CTD-SBE 25 profiler (Sea-
Bird Scientific, Bellevue, WA, USA). Niskin bottles were used 
to collect the surface (0–2 m), middle (0.5 × water depth), and 
bottom (2  m above the seabed) seawater samples from each 
site. In order to obtain the concentration of total suspended 
matter (TSM), a Whatman filter (0.7 μm) was used to filter 
1-L seawater samples. Then, the filter membrane was dried at 
60°C for approximately 48 h and weighed using an electronic 
balance to calculate the TSM concentration. Whatman 
cellulose acetate membranes (0.45 μm) were used to filter 
500  ml seawater samples; the filter membranes were then 
stored in a refrigerator at −20°C for the analysis of chlorophyll 
a (Chl-a) concentration. The Chl-a was extracted using 15 ml 
of 90% acetone in the dark at 4°C for approximately 24  h. 
Then, the Chl-a concentration was measured using a Trilogy 

Laboratory fluorometer (Turner Design, San Jose, CA, USA ). 
The concentrations of nutrients, including dissolved inorganic 
nitrogen (DIN), dissolved silicate (DSi), and dissolved inorganic 
phosphate (DIP), were measured using a San++ continuous flow 
analyzer (SKALAR, Netherlands).

2.3 Satellite Data
The Group for High-Resolution SST (GHRSST) data with a 
spatial resolution of 0.011°, was used to analyze the spatial and 
temporal variation of the daily SST during summers for 2005–
2018. Additionally, surface wind at 10 m above sea surface and 
net heat flux provided by the European Centre for Medium-
Range Weather Forecasts (ECMWF) Reanalysis v5 (ERA5) were 
used to determine the atmospheric condition. These data had a 
spatial resolution of 0.125° and temporal intervals of 3 h. The daily 
average wind field and net heat flux were calculated based on the 
ECMWF data. The climatological daily average SST, wind, and 
net heat flux for June 15 to July 31 for the years 2005–2018 were 
calculated using ECMWF and GHRSST data. Furthermore, the 
summertime anomalies of these variables were also determined.

FIGURE 1 |   The location of the Changjiang River Estuary (CRE), East China Sea, and adjacent regions (A), and enlarged view of the CRE and adjacent shelf water 
zone including summer survey sites from 2013–2018 (B). The black solid isolines are climatological summer sea surface salinity digitalized from Marine Atlas of 
Bohai Sea, Yellow Sea East China Sea (1992). The grey dashed lines represent water depths of 30 m, 50 m, and 70 m, respectively. SRV, Submerged River Valley; 
HB, Hangzhou Bay. The transect A1 was investigated from Jiangsu coastal region (site A1) to Yangtze Shoal (site A9).
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2.4 FVCOM-ERSEM Model System
The three-dimensional physical-biogeochemical coupled model 
established by Ge et al. (2020a, 2020b) was used in this study 
to simulate the physical and ecological dynamic processes 
in the CRE and its adjacent shelf waters. The Finite Volume 
Community Ocean Model (FVCOM) provided the calculations 
for the hydrodynamics, while biogeochemical simulations were 
performed by the European Regional Seas Ecosystem Model 
(ERSEM; Butenschön et  al., 2016). FVCOM and ERSEM were 
coupled through the Framework for Aquatic Biogeochemical 
Models (FABM; Bruggeman and Bolding, 2014). The triangular 
network of model systems covered the Changjiang Estuary 
and inner shelf of the East China Sea with a spatial resolution 
from  ~10 km along the lateral boundary to 500–1000 m in the 
river mouth. The water column was discretized into 10 uniformly 
distributed terrain-following layers. This model was simulated 
from January 1, 1999, to December 31, 2018 (Ge et al., 2020b), 
and the model system was driven by ECMWF atmospheric 
forcing and assimilated with daily SST from GHRSST (Chen 
et  al., 2003). Eight astronomical tide components (M2, S2, K2, 
N2, O1, K1, Q1, and P1) were specified by TPXO 7.2 Global Tidal 
Solution at the open boundary (Egbert and Erofeeva, 2002). 
Daily HYCOM/NCODA data with a spatial resolution of 1/12° 
were interpolated into the boundary grid. The daily Changjiang 
river discharge and sediment measured at Datong Hydrological 
Station were specified at the river boundary. The environmental 
factors (including salinity, temperature, TSM, and nutrient 
concentrations) and Chl-a concentration simulated by the 
FVCOM-ERSEM coupling model were verified by the observed 
data. For more details on this model, see Ge et al. (2020a); Ge et 
al. (2020b).

2.5 Light-Limitation Calculation Method
The vertical average irradiance in the mixing layer (Im) was used 
to quantify the threshold of light-limitation, which is calculated 
according to the following formula:

 I =I exp( k MLD
k MLDm 0

1− − ⋅
⋅

)  (1)

where I0 is the surface intensity of photosynthetically available 
radiation (PAR) obtained from the ECMWF; the mixed layer 
depth (MLD) was determined by the vertical density profile 
of CTD from the surveys of 2013–2018 according to Chu 
and Fan (2011); k denotes the attenuation coefficient of light 
underwater, which changed with the variation of TSM and Chl-a 
concentration, and is calculated as follows (Cloern, 1987):

 k k k Chl a k TSMw Chl a TSM= + − +⋅ ⋅−
 (2)

The three terms on the right side represent the light 
attenuation by the water, phytoplankton, and TSM, respectively. 
Using Zhao and Guo’s study (2011) as a reference, the light 
attenuation coefficients of water (kw) and phytoplankton (kChl-a) 
were 0.04 m−1 and 0.0138 m2∙mg−1 Chl-a, respectively. The light 

attenuation coefficient of TSM was calculated using the average 
value (0.0608 m2∙g−1) in the CRE and the adjacent shelf (Zhang 
et al., 2003; Zhang et al., 2004; Zhu et al., 2010; He et al., 2011; 
Zhao and Guo, 2011). When Im< 80 µmol photons m−2 s−1, the 
light limitation occurred (Riley, 1957; Hitchcock and Smayda, 
1977; Thompson, 1999; Lin et al., 2019).

2.6 Front Definition
As the outer boundary of the Changjiang plume, the plume front 
is characterized by a relatively high SSS gradient and medium 
SSS. According to Li et al. (2021), the definition of plume front is 
the area with an SSS gradient of greater than 0.1 km−1 and an SSS 
from 25 to 31. In order to determine the location of the plume 
front, the SSS was interpolated to a fixed regular grid with a 
resolution of 0.05°, and the spatial gradient of SSS was calculated 
as follows:

 SSS SSS
X

SSS
Yg =

∂
∂







 +

∂
∂









2 2

 (3)

2.7 Mixing-Stratification Index
The buoyancy frequency ( N 2 ) and potential energy anomaly 
(Ø) were used to estimate the stratification of the water body. 
The buoyancy frequency is calculated as follows:

 N g
z

2

0

= −
∂
∂ρ
ρ  (4)

where g represents the local gravitational acceleration, and ρ0 is 
the water density.
The potential energy anomaly Ø is calculated as follows:

 ∅ = −( )
−
∫

1 0

h
gzdz

h

ρ ρ  (5)

 ρ ρ=
−
∫

1 0

h
dz

h
 (6)

where h is the total water depth, ρ represents the vertical average 
density, z is the water depth, and ρ is the density value at different 
water depths. The smaller the value of Ø, the more fully the water 
is mixed. When Ø < 10 J∙m3, the water is considered to be fully 
mixed. The vertical average turbulent kinetic energy (VATKE) is 
calculated according to flowing equation:

 

0
21

−

= ∫
h

VATKE q dz
h  (7)

where q2 is the turbulent kinetic energy. The q2 was calculated 
using FVCOM and linearly interpolated to a water layer with a 
vertical interval of 1 m.
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3 RESULTS

3.1 Identification of the CWZ
3.1.1 Identification From Field Survey
The environmental factors of SSS, SST, DIN, DSi, DIP, MLD, Im, 
as well as Chl-a concentrations for the summers of 2013–2018, 
were interpolated to a regular grid with a spatial resolution of 
0.05°× 0.05°. The multi-year summer average spatial patterns of 
environmental factors and Chl-a concentrations were calculated 
at this regular grid. The multi-year average SSS showed that the 
Changjiang plume primarily extended northeast off the CRE, 
and only a small part of the plume flowed to the southeast, 
distributed along the coast (Figure  2A). The plume front in 
the northeast area (north of 31.5°N) off the CRE, located in 
the offshore region between 123.5°E–124°E and 31°N–32.5°N. 
However, in the summer of 2014, the Changjiang plume mainly 
flowed southeastward, and the plume front substantially receded 
towards the shore (Figure 2B). The plume front in 2015 was also 
much closer to the land and was located between 122.2°E and 
123.3°E (Figure 2C).

The relatively lower SST (24°C–26°C) of the multi-year 
average appeared in the coastal area between 122°E–123°E and 
29.5°N–32.5°N, and the SST was relatively higher (26°C–28°C) 
in the CRE and shelf water (Figure  2D). However, the spatial 
patterns of SST in the summer of 2014 were quite different from 
the multi-year average distribution (Figure 2E). The lowest SST 
level reached less than 22°C, occurring in the region northeast 
off the CRE with a range of 122.5°E–124°E, 31.5°N–32.5°N. The 
spatial distribution of SST in 2015 was similar to that in 2014, 
with the lowest SST also occurring in the YS off the plume front 
(Figure 2F). Therefore, the CWZ was identified by the bounded 
area with an SST of< 22°C. The western boundary of the CWZ 
(isothermal line of 22°C) was spatially matched with the summer 
plume fronts of 2014 and 2015 (Figures 2E, F).

Using the measured data at observation sites in the CWZ 
in 2014 and 2015, the mean surface and bottom salinity and 
temperature, and the surface and bottom difference were 
calculated (Table 1). The average SST of the CWZ was 20.2 ± 0.3°C 
in 2014 and 21.4 ± 0.9°C in 2015, which was ~4°C lower than 
multi-year average SST, and ~6°C lower than the average SST in 
2013 and 2016–2018. The interannual variation of SST in other 
regions, such as the CRE and the shelf water southeast off the 
CRE, were relatively small (less than 1°C) (Figures 2D–F).

Transect A (black line as in (Figure  1B) was selected to 
explore the hydrodynamic characteristics of the CWZ, including 
the vertical distribution of salinity, temperature, and buoyancy 
frequency (N2) (Figure  3 and Figure S1 in Supplementary 
Material). In the CWZ (123.2°E–124°E, A6–A9), the vertical 
distributions of salinity and temperature were uniform in 2015 
(Figures 3A, B). The maximum N2 in the CWZ was ~0.004 s−2 
(Figure 3C). There was a similar vertical distribution of salinity, 
temperature, and buoyancy frequency in 2014 (Figures S1A–C) 
and 2015 (Figures 3A–C). These results indicated that the vertical 
mixing was dominant in whole water column and there was 
almost no stratification in the CWZ. However, in the summer 
of other years, such as 2016, stratification was evident, with 

strong halocline and thermocline near the depth of 5–10 m, with 
N 2 > 0.015 s−2 ( Figures 3D–F). The stratification was also stronger 
in the summer of 2017 with maximum N 2 of 0.03 s−2 (Figures 
S1D–F). In the summer of 2013 and 2016–2018, the average ΔS 
(5.9 ± 2.9) and ΔT (6.6 ± 1.5°C) were significantly higher than 
those in the summer of 2014 (ΔS = 0 ± 0; ΔT = 0.2 ± 0.1°C) and 
2015 (ΔS = 0.4 ± 0.3; ΔT = 0.9 ± 0.7°C; Table  1). Furthermore, 
the relatively high ΔS and ΔT in the multi-year summer average 
indicate that strong stratification is a common feature in the YS.

3.1.2 Satellite SST
To reveal the full spatial extent of the CWZ in the YS, the SST 
distributions in the East China and Yellow Seas were presented 
using 10-day average satellite data. The satellite SST data showed 
that there was broad coverage of CWZ in the YS and adjacent 
regions from July 1–10, 2014 (Figure 4A). By the July 11-21, the 
CWZ only existed in the YS ( Figure 4B), and the CWZ area was 
significantly reduced after July 15 (Figure S2 in Supplementary 
Material). From July 21-31, 2014, the SST in the YS was 
much higher (>26°C) and the CWZ completely disappeared 
(Figure 4C)

From July 1-10, 2015, there were three CWZs in the YS 
(122.8°E–125°E, 31.5°N–32.8°N),  Jiangsu coastal region (122°E–122.4°E, 
33°N–34°N), and the southwest region of the Korean Peninsula 
(125.2°E–126.5°E, 34°N–35°N) ( Figure 4D). The CWZ still existed in 
the YS from July 11-20 ( Figure 4E), but completely disappeared 
in the following period (Figure  4F). The CWZs in the Jiangsu 
coastal region and southwest region of the Korean Peninsula 
have been examined in previous studies that were related to TMF 
and tide-induced upwelling (Lü et al., 2010; Ren et al., 2014; Wei 
et al., 2016). However, the CWZ in the YS during summer has 
not been documented and its mechanisms remain unknown.

3.2 Formation and Breakdown Mechanism 
of the CWZ

3.2.1 Temporal Variations of SST, Wind, and Net  
Heat Flux
Through limited observations, we identify two occurrences 
of CWZ from 2013 to 2018. To further reveal the occurrence 
frequency and duration of CWZs in the YS, the temporal variation 
of daily SST of June 15–July 31 from 2005 to 2018 at the center 
of CWZ (123.5°E, 32°N), as well as its anomalies, are shown in 
Figure 5A. The SST typically increased gradually from June 15 
to July 31 in most years. However, for the duration of June 17 to 
July 17 in 2014 and June 16 to July 19 in 2015, SST maintained 
in a low level of 19°C–22.3°C without significant increase. The 
SST anomalies were between −2°C and −5°C between June 1–17 
of 2014, and July 3–19, 2015, demonstrating that the SST during 
these periods was much lower than the multi-year average SST. 
Thus, the period with lower SST (<22°C) and SST anomalies 
(<−2°C) indicated the formation phase of CWZs (shaded 
regions). With these criteria, there were three major occurrences 
of CWZ in the YS in the summer from 2005 to 2018, including 
the longer presence (17 days) of CWZ only appeared in 2014 and 
2015, meanwhile, there was also a shorter (8 days) formation of 

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Li et al. Formation of Summer Cold-Water Zone

6Frontiers in Marine Science | www.frontiersin.org July 2022 | Volume 9 | Article 926738

CWZ on June 15–22, 2011. During July 18–31 of 2014, and July 
20–31 of 2015, the SST increased rapidly and the corresponding 
SST anomaly changed from negative to positive, demonstrating 
the breakdown phase of the CWZ.

To determine the possible driving mechanism of the 
formation and breakdown of CWZ in the YS, simultaneous 

surface wind, net heat flux, and riverine freshwater discharge 
data were included for further analysis (Figures  5B–E). The 
ECMWF wind data revealed that the southerly wind is dominant 
in summer (Figure  5B). However, during the occurrences 
of CWZs, the northerly wind was dominant; the SST decline 
occurred when the northerly wind appeared (Figures  5A, B). 

A D

B E

C F

FIGURE 2 |  Spatial distributions of the summer sea surface salinity (SSS, A-C) and sea surface temperature (SST, D-F) around CRE and its adjacent waters of 
multi-year average (2013–2018, first row), 2014 (middle row), and 2015 (bottom row). Black dashed lines represent the boundaries of the plume front, and the red 
solid lines are the isothermal contour of 22°C which represents the boundary of the cold-water zone (CWZ).
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Additionally, the negative SST anomalies usually showed 
temporal consistency with the negative anomalies of N-S 
wind speed (Figures  5A–C). When the southerly wind was 
dominant, the SST rose rapidly. For example, the wind turned 

southerly during the breakdown phases in 2014 and 2015, and 
the corresponding SST increased rapidly. These results all 
suggested that the extraordinary northerly wind might be an 
important reason for the formation of CWZs.

TABLE 1 | Mean, standard deviations, and ranges of salinity and temperature at surface, bottom, and the absolute difference between surface and bottom measured at 
sites in the CWZ (122.5°E–124°E, 31.5°N–32.5°N).

Time Salinity Temperature (°C)

Surface Bottom ΔS Surface Bottom ΔT

2014 Mean 30.9 ± 0.4 30.9 ± 0.4 0 ± 0 20.2 ± 0.3 20 ± 0.4 0.2 ± 0.1
Range 30.3–31.3 30.3–31.3 0–0 19.7–20.5 19.4–20.3 0–0.3

2015 Mean 30.5 ± 0.4 30.9 ± 0.4 0.4 ± 0.3 21.4 ± 0.9 20.5 ± 0.5 0.9 ± 0.7
Range 29.9–31.1 30.4–31.5 0.1–1 19.9–22.5 19.6–20.9 0–2

2013, 2016–2018 Mean 26 ± 2.8 31.9 ± 1.1 5.9 ± 2.9 27.4 ± 1.6 20.9 ± 2 6.6 ± 1.5
Range 20.7–32.1 30–34.1 0.4–12 24.7–29.5 17.5–23.9 2.7–9.2

Multi-year (2013–2018) Mean 27.7 ± 3.2 31.5 ± 1.1 3.8 ± 3.5 25.1 ± 3.4 20.7 ± 1.6 4.4 ± 3.1
Range 20.7–32.1 30–34.1 0–12.3 19.7–29.5 17.5–23.9 0–9.2

FIGURE 3 | Vertical distributions of salinity (A, D), temperature (B, E), and squared buoyancy frequency (C, F) along Transect A (32.25°N) in summer of 2015 (A-C) 
and 2016 (D-F). 
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Meanwhile, negative net heat flux anomalies were also 
observed during the formation period of CWZs (Figure 5D). 
The mean net heat flux was 573 ± 277 μmol photons m−2s−1 
and 524 ± 413 μmol photons m−2s−1 in the formation periods 
of 2014 and 2015, respectively, which was lower than the 
multi-year average of 655 ± 62 μmol photons m−2s−1 (Table 2). 
During the breakdown period of CWZs, the net heat flux 
anomalies were generally positive, and the mean net heat flux 
increased to 741 ± 161 μmol photons m−2s−1 and 871 ± 105 
μmol photons m−2s−1 in 2014 and 2015, respectively.

The variation characteristics of Changjiang river discharge 
anomalies during the formation periods of 2014 and 2015 
were different (Figure  5E). The river discharge in the formation 
period of 2014 was slightly lower than the multi-year average 
discharge. However, it was higher in the formation period of 2015 
(Table 2). From these simultaneous comparisons, SST anomalies, 
wind anomalies, and net heat flux anomalies showed temporal 
consistency, suggesting that surface wind and net heat flux 
during the summer of 2014 and 2015 could be two important 
physical factors for the formation of CWZs in the YS.

3.2.2 Model Verification
The three-dimensional physical-biogeochemical model 
(FVCOM-ERSEM) was used to investigate the formation 
mechanism of CWZ in the YS. Since observational data were 
more comprehensive for July of 2015 than that for 2014, the 
data of July 2015 was selected as a primary dataset for model 
verification. The model simulated physical and biogeochemical 
factors, including salinity, temperature, and concentration of 
DIN, DSi, DIP, TSM, and Chl-a, were quantitatively evaluated 
using Taylor diagrams (Figure 6). All simulated and observed 
data at 99 survey sites were normalized. The correlation 
coefficients of the simulated and observed salinity and 
temperature were > 0.95 and ~0.8, respectively. The correlation 
coefficients of simulated and observed DIN and DSi were also 
~0.95, and that of DIP was  ~0.8. The correlation coefficient 
of simulated and observed Chl-a and TSM were both > 0.5. 
The ratio of the standard deviation for simulated and observed 
salinity, temperature, nutrients, and Chl-a concentration 
was between 0.8 and 1.2; only the TSM was greater than 1.5. 
Moreover, the root mean square difference (RMSD) of TSM was 

FIGURE 4 | Spatial distributions of the 10-day averaged satellite SST from July 1-10, July 11-20, and July 21-30 of 2014 (A-C) and 2015 (D-F) (red line represents 
the boundary of CWZs, black dashed box indicates the survey area shown in Figure 1B). 
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also greater than other parameters. Although the performances 
of Chl-a and TSM were slightly worse than the other factors, 
this model provided reasonable simulation for the physical and 
biogeochemical processes in the CRE and its adjacent waters 
during the summer of 2015.

3.2.3 Simulated Formation and Breakdown 
Processes of CWZ
The spatial patterns of the model-simulated average SSS and 
SST in the formation period from July 3–19 (Figures  7A, B) 
were the same as the observed distributions (Figures  2C–F). 
We successfully captured the CWZ structure in the YS 
(Figure 7B). The plume front in the northeast region retreated 
west of 122.8°E and CWZ appeared off the plume front  

(Figures  7A, B). The VATKE in the CWZ was relatively high, 
with a range of 1−2×10−3m2∙s−2 (Figure  7C). However, it was 
lower in the other deeper shelf water zone with a magnitude 
of< 0.5×10−3m2∙s−2. The potential energy anomaly (Ø) in the 
center of CWZ was extremely low (< 10 J∙m3), suggesting 
that the CWZ was in a full vertical mixing state (Figure  7D). 
During the breakdown period, the plume front was significantly 
expended with a northeastward direction (Figure  7E). SST in 
the previous CWZ increased significantly, ranging from 24°C 
to 27°C, and the spatial SST gradient significantly decreased 
(Figure 7F). The VATKE decreased to approximately 0.5×10−3m2∙s−2 
and the Ø increased to 20 J∙m3–150 J∙m3 in the previous 
CWZ, indicating the restoration of strong stratification  
(Figures 7G, H).

TABLE 2 | Mean and standard deviations of SST, north-south wind speed (the positive value represented southerly wind speed), net heat flux at the center of CWZ 
(123.5°E, 32°N) in the YS, and the discharge at Datong station during July 1–31 of multi-year average and period of CWZ formation (July 1–17, 2014 and July 3–19, 
2015) and breakdown periods (July 18–31, 2014 and July 20–31, 2015).

Time Year SST (°C) N-S Wind  
(m·s-1)

Net heat flux(μmol  
photons m-2 s-1)

Discharge  
(m3·s-1)

Mean Mean Mean Mean

July 1-31 Multi-year average 25.5 ± 1.6 4.0 ± 0.7 655 ± 62 50521 ± 4797
Formation period of CWZ 2014 21.5 ± 0.5 0.4 ± 4.2 573 ± 277 43347 ± 2063

2015 21.2 ± 0.7 0.1 ± 2.4 524 ± 413 54405 ± 1615
Breakdown period of CWZ 2014 26.2 ± 1.5 4.2 ± 2.5 741 ± 161 49650 ± 2063

2015 25.7 ± 2.4 4.5 ± 2.6 871 ± 105 48964 ± 2643

FIGURE 5 | Temporal variations of daily SST and SST anomalies (A), wind (B), North-South (N-S) speed anomalies (C), and net heat flux anomalies (D) at central of 
the CWZ (123.5°E, 32°N); and discharge and discharge anomalies at Datong station (E). The gray shaded regions indicate the formation period of the CWZ.
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3.2.4 Numerical Experiments
A numerical model was used to further explore the influence 
of sea surface wind, net heating flux, and tidal mixing on the 
formation of the CWZ in the YS. Several model experiments 
were conducted to determine the individual effects of these 
physical factors. The control experiment (Case 1) considered 
the real surface wind, net heat flux, and tidal mixing in the 
summer of 2015. The wind forcing in Case 2 was changed to 
the climatological wind of June 30 to July 31 for years 2005–
2018 to examine the wind effect. Similarly, the net heat flux 
in Case 3 was changed to the climatological condition, and 
Case 4 turned off the tidal forcing (more details about model 
configurations of numerical experiments, please see Table S1 
in the Supplementary Material). All cases have the same other 
physical and biogeochemical forcing, such as initial field and 
riverine freshwater discharge.

The spatial distributions of the temporally averaged difference 
of SSS, SST, Ø, and VATKE during the formation period of July 
3–19, 2015 among these experiments are shown in Figure  8. 
The difference in SSS between Case 1 and Case 2 in the CWZ 
was between −6 and −1, indicating that under the climatological 
wind forcing, the extension of the plume front toward offshore 
had increased significantly (Figure  8A). SST also increased by 
approximately 1°C–2°C; Ø increased by 10 J∙m3–40 J∙m3, whereas 
VATKE decreased in the CWZ (Figures  8B–D). These results 
indicated that the northerly wind in 2015 restrained the offshore 
extension of the plume front. However, the climatological 
southerly wind could favor an offshore extension into the YS and 
inhibit the formation of CWZs (Figures 8A–D).

Under the climatological net heat flux (Case 3), the SSS 
difference was very small, but SST increased by approximately 
1.5°C in the whole study area, showing that the effect of net 

heat flux over this duration was spatially uniform (Figures 8E, 
F). Meanwhile, Ø only increased by 2 J∙m3–8 J∙m3, and VATKE 
slightly decreased in the CWZ in Case 3 (Figures 8G, H). The 
magnitudes of these differences are both much lower than those 
between Case 2 and Case 1. It suggests that the extraordinary 
northerly wind was the major dynamic factor attributed to the 
formation of CWZ in the YS, and the lower net heat flux was the 
secondary factor.

When removing the tide at the open boundary (Case 4), 
the circulation system was completely modified, showing a 
low-salinity plume extension around the Jiangsu coastal region 
(Figure  8I). Without tidal mixing, the SST rose by 3°C–4°C 
not only in the YS, but also in the whole inner shelf region; Ø 
increased by approximately 100 J∙m3, and the VATKE reduced 
by 1.5×10−3m2∙s−2 in the YS (Figures  8J–L). These differences 
indicated that offshore regions gained strong stratification in 
Case 4. It also suggests that wind-induced vertical mixing is 
much less than tidal mixing in this area. Tidal mixing is the 
most effective contributor to vertical mixing in the inner shelf 
(Figures  8I–L). After removing the tides, there was no CWZ 
occurrence, suggesting that strong tidal mixing is also a necessary 
physical factor for the formation of the CWZ.

Through these numerical experiments, we found that the 
formation and breakdown of CWZ was essentially determined 
due to status shifting between plume-induced stratification and 
tidal mixing (Figures 7, 8). This shift was primarily controlled by 
an extraordinary northerly wind, which was nearly the opposite 
of the prevailing summer monsoon. The low-salinity plume had 
a significant onshore retreat under this northerly wind, allowing 
the stratification status in CWZ to be relaxed and the tidal 
mixing to become dominant. The strong vertical mixing results 
in the SST declined, consequently forming the CWZ in the YS 
(Figure 3 ). The relatively lower net heat flux also encouraged this 
process. The breakdown of CWZ follows an opposite process. 
When the prevailing southerly monsoon was restored, the low-
salinity plume has the northeastern extension and recovers the 
CWZ in the YS. The stratification intensity rapidly increased 
and  inhibited the VATKE, resulting in the rapid dissipation of 
the CWZ.

3.3 Effects of the CWZ on Environmental 
Factors and Phytoplankton

3.3.1 Spatial Patterns of Environmental Factors  
and Chl-α
In order to explore the effect of CWZ on the phytoplankton in 
the YS, the spatial distributions of mixed-layer depth (MLD) 
and Im are shown in Figure  9, demonstrating that the multi-
year average MLD was 10–15 m off the plume front, and 5–10 
m within the plume front (Figure  9A). However, during the 
summer of 2015, the MLD in the CWZ had a magnitude of 
36.3 ± 3.7 m (Figure 9B), which was deeper than the multi-year 
average (16.8 ± 14.3 m). This was caused by strong vertical mixing 
in the CWZ. The multi-year average Im was >100 µmol photons 
m−2 s−1 in the YS (Figure 9C). But, the mean value of Im in the 
CWZ was only 29.7 ± 8.5 µmol photons m−2 s−1 in the summer of 

FIGURE 6 | Taylor diagram of simulated and observed data for salinity, 
temperature, and concentration of DIN, DSi, DIP, TSM, and Chl-a in summer 
2015. The radius distance represents the ratio of the standard deviation of 
the normalized modeling data to the standard deviation of the normalized 
observed data. Arc is the correlation coefficient between modeling data and 
observed data. Green dashed line is the ratio of root mean square difference 
(RMSD) between modeling data and observed data.
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2015 (Figure 9 D and Table 3). But, the Imin the other shelf water 
zone was substantially high, reaching > 150 µmol photons m−2 
s−1. In the summer of 2015, the Im in the CWZ was not only less 
than the multi-year average value but also much less than that of 
surrounding waters.

The spatial distributions of DSi and DIP were similar; they 
gradually decreased with the extension of the low-salinity 
plume to offshore (Figures  10A–D and Figures S3A, B in 
the Supplementary Material). The nutrient concentration 
was lower in the shelf water off the plume front, with DSi and 
DIP concentrations less than 5 µM and 0.1 µM, respectively 
(Figures  10A, C). However, there was a relatively higher DIP 
concentration in the CWZ, with 0.4 ± 0.24 µM in 2015, which were 
much higher than the average value of 0.12 ± 0.07 µM of 2013 and 
2016–2018 (Table 3). Meanwhile, the mean DIP concentration 
at the bottom of 2013 and 2016–2018 was approximately three 

times the surface DIP concentration. However, in the summer of 
2014 and 2015, the nutrient concentrations of DSi, DIP and DIN 
in the surface and bottom layer of CWZ were very close due to 
strong vertical mixing in the CWZ.

A high Chl-a (defined as concentration of > 5 µg·L−1) of the 
multi-year summer average mainly distributed in the landside 
of the plume front, and lower Chl-a concentration (< 3 µg·L−1) 
were observed in the CRE and shelf water off the plume front 
(Figure 10 E). However, there was an isolated high Chl-a patch 
(>5 µg·L−1) off plume front, which appeared at the edge of CWZ 
in July, 2015 (Figure  10 F). The Chl-a concentration in the 
interior region of the CWZ was lower (Table 3). Therefore, the 
environmental factors and Chl-a during the formation of the 
CWZ had very different structures from that in multi-year non-
CWZ conditions; this was caused by the status shift between 
plume-induced stratification and tide-induced vertical mixing.

FIGURE 7 |  Spatial patterns of model-simulated average SSS (A, E) , SST (B, F), vertical-averaged turbulent kinetic energy (VATKE; C, G), and potential energy 
anomaly (Ø; D-H) during the formation period of July 3–19, 2015 (A-D) and breakdown period of July 20–31, 2015 (E-H). Black arrow in panels (A, E) represents 
surface flow, black dash line in panel (F) indicates the original CWZ. 
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FIGURE 8 | Spatial patterns of temporally averaged difference of SSS, SST, Ø, and VATKE between Case2 and Case1 (A–D), Case3 and Case1 (E–H), and Case4 
and Case1(I–L) during the formation period of July 3–19, 2015.
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3.3.2 Temporal Variation of Environmental Factors 
and Chl-a in the CWZ
Considering the CWZ event in 2015, for example, the FVCOM-
ERESM model system was used to explore the temporal effect of 
the CWZ on Chl-a concentration. Figure 11 shows the temporal 

variation of environmental variables in the center of the CWZ in 
the YS. The simulated SSS was larger than 30 and remained stable 
during the formation period of the CWZ during July 3–19, 2015, 
and the Ø was less than 30 J∙m3, suggesting that the local vertical 
mixing was intense (Figure 11A). During the period of July 3–12, 

A B

C D

FIGURE 9 | Spatial distributions of the mixed layer depth (MLD, A, B) and vertically averaged irradiance in the mixing layer (Im , C, D) of multi-year average (2013–
2018) and 2015. The black line represents the plume front. The red line is the boundary of the CWZ.

TABLE 3 | Mean, standard deviations, and max-min ranges of the ecological variables in the CWZ during the summer of multi-year average, 2014 and 2015, based on 
surveys data. 

Parameter MLD (m) Im   
(μmol  
m-2 s-1)

DIN (μM) DSi (μM) DIP (μM) Chl-a (µg·L-1)

surface bottom surface bottom surface bottom surface bottom

2013,  
2016–2018

Mean 6.4 ± 2.2 158 ± 77.2 14.6 ± 7 16.7 ± 5.1 5.3 ± 4.4 14.5 ± 5.8 0.12 ± 0.07 0.32 ± 0.16 3 ± 2.2 0.7 ± 0.3
Range 2.9–10.9 81.3–384 2.9–23.9 6.4-27.2 0.6–16.9 6.1–28.2 0.02–0.28 0.1–0.66 0.6–8.3 0.3–1.2

Multi-year Mean 16.8 ± 14.3 121 ± 87.7 14.4 ± 6 15.6 ± 4.9 7.4 ± 4.5 14.5 ± 5.8 0.19 ± 0.17 0.31 ± 0.14 2.5 ± 2 0.8 ± 0.3
Range 2.9–43 16.8–384 2.9–23.9 6.4–27.2 0.6–16.9 6.1–28.2 0.02–0.28 0.1–0.66 0.5–8.3 0.3–1.2

2014 Mean 33.3 ± 3.7 / 11 ± 4.2 10.5 ± 3.2 10.5 ± 1.6 10.8 ± 1.8 0.22 ± 0.07 0.18 ± 0.03 0.8 ± 0.4 0.8 ± 0.3
Range 29.2–38.3 / 6.6–16.1 6.3–13.3 8.7–12.5 8.6-12.9 0.17–0.34 0.15–0.23 0.5–1 0.6–1

2015 Mean 36.3 ± 3.7 29.7 ± 8.5 15.6 ± 2.5 15.6 ± 2.6 11.2 ± 1.2 13 ± 4.3 0.4 ± 0.24 0.34 ± 0.06 1.6 ± 0.7 0.9 ± 0.3

Range 32–43 16.8–42.7 13–20.2 11.4–19.8 9.8–12.5 10.6-14.2 0.14-0.85 0.23–0.65 0.5–2.3 0.3–1.2

Im cannot be calculated because TSM concentration was not measured in 2014 survey.

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Li et al. Formation of Summer Cold-Water Zone

14Frontiers in Marine Science | www.frontiersin.org July 2022 | Volume 9 | Article 926738

the Ø was less than 10 J∙m3, indicating that the water column was 
fully mixed. In the breakdown period of CWZ during July 20–31, 
when the low-salinity plume gradually restored its coverage over 
the original CWZ, the SSS decreased rapidly and Ø increased 
dramatically from 30 to 100 J∙m3, suggesting that stratification 
restored its dominance.

Under strong vertical mixing during July 1–12, the surface 
nutrient concentration also demonstrated a continuous increase; 
in particular, DIP concentration increased significantly from 
0.1 µM to 0.3 µM (Figure 11B). Meanwhile, the nutrient ratio 
was close to the Redfield ratio (Si:N:P=16:16:1; Redfield, 1958) 
(Figure  11C). However, during the breakdown period of July 

A B

C D

E F

FIGURE 10 | Spatial distributions of the dissolved silicate (DSi; A, B), dissolved inorganic phosphate (DIP; C, D), and Chl-a concentration (E, F) during the summer 
of multi-year average (2013–2018, A, C, E), and 2015 (B, D, F). The black line represents the plume front. The red line indicates the boundary of the CWZ.
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FIGURE 11 | Temporal variation of simulated physical and ecological variables at the center of CWZ during July 1–31, 2015. (A) Ø and SSS; (B)  surface nutrient 
concentrations; (C) Surface nutrient ratio; (D) MLD and surface total suspended matter (TSM); (E) Im and surface Chl-a concentration. The state of water mixing and 
stratification is indicated by dark gray, light gray, and white, deep grey shaded period represents that the water column is fully mixed.
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20–31, the DSi/DIP and DIN/DIP were both larger than 60. 
This indicated there was heavy relative DIP limitation, of which 
the threshold was DSi/DIP > 22 and DIN/DIP > 22 (Justić et al., 
1995). Because the surface shelf water was usually oligotrophic 
with severe P-limitation under the existence of stratification, 
the bottom layer contained rich nutrients (Li et al., 2021; Tian 
et al., 1993; Tseng et al., 2014). The intense mixing in the CWZ 
transported nutrient-rich water from the bottom to surface 
column, and significantly relaxed the P-limitation (Figures 11B,     
C). Under the re-coverage of the low-salinity plume during the 
breakdown period of July 20–31, 2015, the concentration of DIN 
and DSi increased rapidly, followed by a noticeable decrease after 
reaching the peak on July 24. However, the DIP concentration 
was maintained at the lower level of 0.05–0.1 µM. This indicates 
that the relative P-limitation was significant in the low-salinity 
plume and stratification restrained the nutrients transport from 
the bottom to the surface layer. Thus, when the surface DIP was 
consumed, the P-limitation feature would reappear.

Under the full vertical mixing condition from July 3–12, the 
MLD increased in depth (reaching 38 m consistent with the water 
depth here) and remained stable, and the TSM concentration 
also increased from< 2 mg·L−1 to a maximum of 140 mg·L−1 
(Figure  11D). Mixing-induced sediment resuspension in the 
CWZ resulted in high TSM concentrations in the water column. 
As stratification gradually developed after the CWZ breakdown, 
it could inhibit the resuspension of sediment. The MLD and TSM 
both decreased; MLD was< 10 m and TSM was restored to its low 
level of< 1 mg·L−1 from July 20-31.

The intensity Im decreased to< 80 µmol photons m−2 s−1, 
influenced by the high TSM and MLD during the period of July 
3–13 (Figure  11E). With the decrease of MLD and TSM, the 
intensity Im gradually increased and maintained a high level of 
> 300 µmol photons m−2s−1 during the July 20–31 period. The 
Chl-a concentration showed a similar variation as Im during the 

formation period of the CWZ (Figure 11E). It was first reduced 
to approximately 0.5 µg·L−1 during the period of July 3–12, and 
then gradually increased to a maximum of 3.5 µg·L−1 on July 25, 
and then decreased rapidly to 1 µg·L−1 due to the P-limitation.

Under the strong mixing condition in the CWZ formation 
period, the nutrient concentrations were all higher than the 
thresholds of absolute nutrient limitation, which were DIP >0.1 
µM, DIN >1 µM, DSi > 2 µM according to previous studies (Rhee, 
1973; Harrison et al., 1977; Goldman and Glibert, 1983; Nelson 
and Brzezinski, 1990; Justi&cacute; et al., 1995). However, during 
the fully-mixed period, the Im was lower than the light-limitation 
threshold (Im< 80 µmol photons m−2s−1) in the shelf water zone 
(Hitchcock and Smayda, 1977; Kirk, 1994; Thompson, 1999; 
Lin et al., 2019). Therefore, it could be inferred that weak light 
limited the growth of phytoplankton and caused the lowest 
Chl-a concentration between July 3–12. In the early stage of the 
plume extension on July 20–25, light is sufficient. With adequate 
nutrient levels in the upper layer during the formation period, 
phytoplankton could grow rapidly, and Chl-a concentration 
reached its maximum (Figure 11E). However, when the surface 
nutrients, particularly DIP, were consumed, the P-limitation was 
reinstated and led to the reduction of Chl-a during July 25–31.

4 DISCUSSION

4.1 General Perspectives on  
CWZ Formation
The formation and breakdown mechanism of CWZ in the YS is 
summarized in the schematic diagram (Figure 12). Because the 
density of the Changjiang plume with low salinity and high SST 
is much lower than that of the shelf water, strong stratification 
dominates within the plume front. In the CRE and its adjacent 
water, the northerly wind produces onshore Ekman transport, 

FIGURE 12 | Schematic diagram of the formation (A) and breakdown (B) mechanism of the CWZ in the YS and its effect on the phytoplankton growth.
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causing the plume front to retreat to the nearshore region and 
the stratification weakened in the YS (Figure  12A). When 
tide-induced mixing becomes the dominant physical factor 
and transports the low-temperature water from the bottom to 
the surface, the CWZ forms in the YS. Thus, the plume front is 
consistent with the western boundary of the CWZ. In addition, 
under the relatively low heat flux, the surface heating effect is 
difficult to form thermal stratification in the YS under strong 
tidal mixing. With the increase of water depth in the offshore 
direction, the intensity of tidal mixing gradually decreases. The 
VATKE in the area deeper the 50 m is relatively lower (Figures 7C, 
G). The thermal stratification could appear in deeper regions due 
to the surface heating (Figure 12A).

The breakdown of the CWZ is caused by the restoration of 
southerly wind, driving the plume offshore extension and then 
recovering the YS (Figure 12B). Therefore, the dominant factors 
in YS rapidly shift from tidal mixing to stratification, resulting in 
the increase of SST. The prevailing southerly summer monsoon 
leads to the low frequency of the CWZ formation in the YS 
(Figure 5 ). Thus, the climatological monthly SST image cannot 
capture the CWZ in the YS (Lü et al., 2010; Ren et al., 2014).

Various summer CWZs were found around the Jiangsu and 
Korean coastal regions and east of Zhoushan Island in previous 
studies (Zhu, 2003; Lü et al., 2010; Ren et al., 2014). However, 
these CWZs were generated by a different physical mechanism. 
For example, the CWZ around Zhoushan Island was produced 
by persistent upwelling (Figures 2D, 4). The CWZs in Jiangsu 
coastal region and the Korean coastal region were related to the 
thermal TMF and tide-induced upwelling (Lü et al., 2010; Ren 
et  al., 2014). The position of TMF can be determined by the 
parameterization h/u3 (Simpson and Hunter, 1974; Simpson 
et al., 1978). Thus, CWZs related to the TMF mainly appeared 
in the nearshore area with huge water depth variations (Ren 
et al., 2014; Huang et al., 2018). This type of CWZ also appeared 
in the summer on the coast of the Shandong Peninsula (Huang 
et al., 2018), western Kamchatka shelf (Zhabin et al., 2019), and 
western Iris sea (Simpson and Hunter, 1974).

This work explored a different formation/breakdown 
mechanism of CWZs in the YS under the interaction of 
extraordinary wind, astronomical tide and the Changjiang 
River plume. Many large estuaries have extensive plume 
affected areas, which are greatly influenced by wind fields 
(e.g., the Amazon, Mississippi, Changjiang, Pearl, and Rio de 
la Plata river plumes, etc. (Beardsley et  al., 1985; Lentz and 
Limeburner, 1995; Pimenta et  al., 2005; Schiller et  al., 2011; 
Pan et  al., 2014). The other estuaries also have a similar 
formation process to the CWZ in the YS. For example, in 
the Rio de la Plata estuary and its adjacent shelf, the weak 
but longer upwelling-favorable wind could drive the Rio 
de la Plata River plume to offshore regions, weakening the 
nearshore stratification and increasing upwelling at the 
surface to form a CWZ (Pimenta et al., 2008). However, the 
offshore transport of the Rio de la Plata River plume is driven 
by more intense but short-lasting upwelling-favorable wind 
could be interrupted by the subsequent downwelling favorable 
wind. Thus, the upwelling was confined and could not form a 
stable surface CWZ (Pimenta et al., 2008).

4.2 Effects of the CWZ on  
Phytoplankton Dynamics
The shift between stratification and mixing in CWZs could 
alter the light and nutrient conditions influencing the Chl-a 
concentration variations (Cloern, 1999; Sun and Cho, 2010; 
Wei et al., 2016). First, tidal mixing could transport the bottom-
rich nutrients to the upper water column (Figure  12A), 
which was beneficial to the growth of phytoplankton at the 
sea surface (Sun and Cho, 2010; Wei et  al., 2016). However, 
phytoplankton were moved vertically along with the mixing 
water. If the euphotic layer was constant, the MLD was deeper, 
and phytoplankton stayed in the dark area below the euphotic 
layer for a longer period, which reduced the underwater 
light usage of phytoplankton (Cloern, 1996; Lin et al., 2019). 
Vertical mixing also promotes the sediment resuspension, 
which increases the attenuation coefficient of the underwater 
beam and the euphotic layer shallows. Thus, there were many 
estuaries and coastal areas with high nutrient concentrations, 
but light limitation resulted in lower Chl-a concentration, as 
is the case of the CRE (Wang et al., 2019; Li et al., 2021), Pearl 
River Estuary (Harrison et al., 2008), springtime TMF in the 
Jiangsu coastal region (Wei et al., 2016), Benguela upwelling 
region (Burger et  al., 2020) and the center CWZ in the YS 
(Figures 11, 12A).

When stratification gradually increased after the strong 
vertical mixing or active upwelling, the Chl-a concentrations 
tended to rise at first due to improved lighting conditions 
and sufficient nutrients, such as the spring algal blooms in 
the Yellow Sea (Wei et  al., 2016), the Benguela upwelling 
relaxation period (Burger et  al., 2020) and the early period 
of CWZ breakdown (July 20–25, Figure  11). Stratification 
also led to the congregation of phytoplankton in the upper 
layers, causing the surface Chl-a concentration to increase 
(Figure  12). Since the CWZ stratified firstly near the edge, 
then the central region (Figure  4), the high Chl-a patch 
firstly appeared at the edge of the CWZ in 2014 and 2015 
(Figure 10F and Figure S3C), where its concentrations were 
usually lower in previous surveys (Guo et  al., 2014; Tseng 
et al., 2014; Wang et al., 2019). However, stratification caused 
by both surface heating and low-salinity plumes would inhibit 
the  vertical transport of nutrients from the bottom to the 
surface  and might have resulted in a nutrient limitation in 
the surface layer, especially after the nutrient consumption by 
phytoplankton growth.

5 CONCLUSION

In this study, we identified a synoptic CWZ formation in the 
YS off the CRE through comprehensive field surveys during 
the summers of 2014 and 2015. The mean SST in the CWZ 
was approximately 4°C lower than the multi-year average. The 
physical-biogeochemical coupling model system was applied to 
examine the driving mechanism and its effects on environmental 
factors and Chl-a concentration during the formation and 
breakdown periods of the CWZ. Through observational and 
modeling results, the formation and breakdown of the CWZ were 
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primarily determined by the change in the prevailing wind 
direction, followed by the secondary effect from the weaker 
net heat flux. The extraordinary northerly wind during July 
1–17, 2014, and July 3–19, 2015, which flowed in the opposite 
direction of the prevailing monsoon, produced the onshore 
retreat of the low-salinity plume. Tidal mixing became the 
dominant physical factor off the plume front, resulting in 
higher VATKE and TSM concentrations, as well as greater 
MLD in the CWZ. The strong mixing in the CWZ increased 
the surface DIP concentration and relaxed the P-limitation. 
However, it also caused light limitation due to higher TSM 
and deeper MLD; Chl-a concentration was lower in the 
center of CWZ. After the wind direction was restored, the 
low-salinity plume re-covered the CWZ, and phytoplankton 
experienced a fast growth until surface nutrients were 
depleted and the nutrient limitation appeared. Patches of high 
Chl-a concentration occurred at the edge of the CWZ. This 
article has important implications for exploring the formation 
mechanisms of CWZs under the physical interaction of 
atmospheric wind and the low-salinity plume and its impact 
on phytoplankton dynamics.
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